Myxomatosis is a lethal disease of wild European and domestic rabbits (Oryctolagus cuniculus) 37 caused by a Myxoma virus (MYXV) infection, a leporipoxvirus that is found naturally in some 38
Introduction 55
Myxoma virus (MYXV), a poxvirus belonging to the Leporipoxvirus genus, is the etiological 56 agent of myxomatosis which is a highly lethal viral disease of wild and domestic European rabbits 57 (Oryctolagus cuniculus) [1] . The classical form of the disease is characterized by systemic spread 58 of the virus, overwhelming the immune system, and the development of secondary skin lesions 59 called 'myxomas' [2, 3] . Mortality rate varies between 20-100%, according to the grade of 60 virulence of the MYXV strain [3] . The virus has its natural host in the South American tapeti, or 61 forest rabbit (Sylvilagus brasiliensis), where it causes an innocuous and localized cutaneous 62 fibroma at the inoculation site [2] . Related poxviruses to MYXV are found in other Sylvilagus 63 species in North America: the Californian MYXV strains, for which the natural host is Sylvilagus 64 bachmani (brush rabbit), and rabbit fibroma virus (RFV) found in Sylvilagus floridanus (eastern 65 cottontail) [2, 4] . MYXV not appearing to cause significant clinical disease in the natural Sylvilagus 66 hosts, though being highly pathogenic to the naive Oryctolagus host, made it a classic example 67 of a pathogen that is highly virulent in a new host species with no evolutionary history of adaptation 68 to that pathogen. 69 70 In 1950, with the urge of controlling the infesting population of European rabbits in 71
Australia, a MYXV strain originally isolated in Brazil (standard laboratory strain [SLS] ) was used 72 as a biological agent [1] . The release in France in 1952 of a different Brazilian isolate of MYXV 73 (Lausanne [Lu] strain) resulted in the establishment and spread of MYXV in Europe, including the 74 United Kingdom (UK) [5] . After an initial massive reduction of the wild rabbit populations (>99%) 75 in both Continents, a substantial decline in the case fatality rates occurred as a result of natural 76 selection for slightly attenuated viruses, but also due to an increased resistance to myxomatosis 77 in the rabbit populations [4, 6, 7] . It has been recently shown that the convergent phenotype of 78 viral resistance observed in Australia, France and UK rabbit populations was followed by a strong 79 pattern of parallel evolution, a consequence of selection acting on standing genetic variation that 80 was present in the ancestral rabbit populations in continental Europe [8] . Figure 1 ) and was completely emaciated 111 (kidney fat index = 0). On arrival at the laboratory, duplicate samples (4mm diameter) were taken 112 from eyelid, ear and vulva and stored in RNAlater and without preservative, at -80ºC. For the 113 histopathological study, representative samples of the main organs and tissues, were fixed in 114 10% buffered formalin for 48-72 hours at 22±2ºC, and then, dehydrated in a graded series of 115 ethanol, immersed in xylol, and embedded in paraffin wax using an automatic processor. Sections 116 were cut at 4 µm and stained with hematoxylin and eosin (H&E), following standard procedures. 117 118
Cell lines 119
European rabbit RK13 kidney epithelial cells (Millipore Sigma, USA) were maintained in 120
Dulbecco's modified Eagle medium (HyClone, USA) supplemented with 10% fetal bovine serum 121 (FBS), 2 mM L-glutamine, and 100 U/ml of penicillin/streptomycin. Cells were maintained at 37°C 122 in a humidified 5% CO2 incubator. 123 124
Isolation, amplification and purification of the new Myxoma virus (MYXV Toledo) strain 125
Samples from lesions of the eyelid and urogenital regions of an Iberian hare (L. granatensis) 126 specimen were manually homogenized. A small volume (5-10 μl) of the processed tissues was 127 used to inoculate confluent RK13 cells monolayers in a 6-well plate and allowed to incubate at 128 37ºC. At 2 days after infection, distinctive MYXV foci were visualized using a Leica DMI6000 B 129 inverted microscope. To proceed with the virus isolation, infected cells were harvested, freeze-130 thawed at −80°C and 37°C for three times and sonicated for one minute to release the viruses 131 from infected cells. The virus was inoculated back onto a confluent RK13 cells monolayer in a 132 150 mm dish and incubated at 37ºC for 48 hours. Cells were collected to perform a serial dilution 133 and the one with the best individualized foci (dilution 10 -5 ) was used for inoculating a new 150 mm 134 dish. After 2 days of infection, a last round of cell harvest, freeze-thaw cycles and sonication was 135 done before proceeding to virus amplification into twenty 150 mm dishes. Purification of the virus 136 through a 36% sucrose cushion was performed as described before [13] . Titration of the number 137 of replicating infectious units of virus was determined by crystal violet foci staining of the infected 138 RK13 cell monolayers, while the total number of viral particles was counted using the NanoSight 139 NS300 instrument (Malvern Panalytical, USA). were collapsed using TreeGraph2 [22] . 165
Results and Discussion 166
The natural host for MYXV is the South American tapeti (South American strains) [2, 4] . 167
As expected from predictions of long-term virus/host co-evolution, MYXV strains are highly 168 adapted to their natural hosts, causing only benign cutaneous fibromas [4] . However, when 169 another susceptible host becomes available to the virus transmission system, in this case the 170 European rabbit (Oryctolagus cuniculis), a successful cross-species transmission can occur. 171
Indeed, when MYXV first entered the European rabbit host, it was immediately pathogenic and 172 caused close to 100% mortality. After the use of MYXV in the 1950s to control feral rabbit 173 populations in Australia and Europe, rapid co-evolutionary changes occurred in both rabbit host 174 and virus, due to increased resistance of rabbit populations and the appearance of less virulent 175 virus strains [8, 23] . In 2014, a study reported the presence of a myxomatosis-like disease in the As previously reported for MYXV isolates from feral rabbits in Australia and Great Britain, 234 single or multiple indels that result in the disruption of ORFs are relatively common [26] [27] [28] . In the 235 Lausanne strain, M009L encodes a putative E3 ubiquitin (Ub) ligase of 509 aa with a N-terminal 236 BTB-BACK domain followed by 4 Kelch motifs [29] . Our genomic analysis reveals that ORF 237 M009L of MYXV-To is disrupted by an insertion of four nucleotides (+TATA, at position 15,586-238 bp), causing a frameshift mutation. This indel results in a smaller truncated M009L predicted 239 protein of 148 aa. Several reports show that this same gene is also disrupted in multiple Australian 240 MYXV strains [28] , as well as in the Californian MSW strain [16] , which suggest that the disruption 241 of this gene does not abrogate MYXV survival in the wild. Four additional nucleotides were also 242 found in the M036L gene (+TTTT, position 42,007 bp), thereby creating a premature stop codon 243 in frame within this gene. M036L is an orthologue of the O1 protein that is found in the 244 orthopoxvirus vaccinia virus (VACV) [28] . However, the function of M036L in the MYXV virus is 245 not reported. A previous study showed that certain MYXV field isolates carry a deletion of 89 nt 
Analyses of the new recombinant region of the MYXV-To strain 258
Analyses of the MYXV-To genome sequence revealed an insertion of ~2,800 bp in the left 259 side of the genome (Figure 2 ). This new recombinant region encodes at least four genes that are 260 predicted to encode four viral proteins that are homologous, but not identical, to the poxvirus gene 261 families exemplified by the M060R, M061R, M064R and M065R genes from MYXV. We exploited 262 sequence similarity searches to predict the functions of these new MYXV-To proteins. According 263 to the obtained results, the recombinant region encodes a known virion protein (rPox-virion 264 protein), followed by a thymidine kinase (Recombinant pox virus thymidine kinase; rPox-thymidine 265 kinase), a C7L-like host range protein (rPox-host range protein) and a poly A polymerase subunit 266 (rPox-poly(A) Pol subunit) ( Figure 2 ). In the MYXV-Lu genome, the region that spans the locus at 267 ~57,500 bp include a set of six genes that are present in all MYXV strains (M060R to M065R) [24, 268 36] . The predicted functions for the proteins found in the recombinant region are in accordance 269 to those found in the ~57,500 bp region of other MYXV strains [36] . However, it should be noted 270 that the M062R and the M063R genes that are present in all MYXV strains are not present in the 271 new recombinant insertion region at the left end of MYXV-To (Figure 2) . A BLASTn-based search 272 for the complete recombinant region with the new four gene "cassette" revealed that this virus 273 gene arrangement is only found in genomes (GenBank accession #s AY689436, AY689437 and 274 MF966153) of cervidpoxviruses, for which it shares ~71% nucleotide identity (Figure 2) . These 275 results suggest that the recombinant region is derived from a new still-unreported poxvirus that 276 shares a common ancestral origin with cervidpoxviruses. Occurrences of recombination between 277 leporipoxviruses have been described before. In fact, it was established that the malignant rabbit 278 fibroma virus (MRV) is a result of a recombination event between two other leporipoxviruses, the 279 Shope rabbit fibroma virus (SFV) and MYXV [24, 25] . The recombinant MRV was capable of 280 immunosuppression and fatal malignancy in a broader host range unlike the case of SFV but 281 more like MYXV [26] [27] [28] [29] . 282
283
The rPox-thymidine kinase predicted protein sequence shares ~70% identity to its 284 homologous protein from leporipoxviruses and 60-65% identity to that of capripoxviruses and 285 cervidpoxviruses (Figure 3) . The rPox-virion protein predicted protein sequence shares 73% 286 amino acid identity to those of leporipoxviruses and 63-70% with those of centapoxviruses, 287 capripoxviruses and orthopoxviruses (Figure 4 ). rPox-poly(A) Pol subunit shares the highest 288 amino acid pairwise identity (80-86%) with those from capripoxviruses, cervidpoxviruses and 289 leporipoxviruses ( Figure 5 ). On the other hand, the newly identified rPox-host range protein of 290 MYXV-To is the least conserved among the proteins found in the recombinant region, sharing 291 only 35-40% amino acid identity with M064R protein family of centapoxviruses, cervidpoxviruses 292 and leporipoxviruses ( Figure 6 ). Moreover, it should be noticed that the new rPox-host range 293 protein also shares ~40% identity to the M062R protein found in MYXV strains and RFV and 294 ~28% amino acid pairwise identity to the M063R protein, also found in MYXV and SFV. Although 295 the proteins found in the new recombinant region of MYXV-To share higher pairwise identity to 296 their homologous versions found in leporipoxviruses, it should be noted that in most cases a small 297 difference (~5% pairwise identity) segregate them from, for example, centapoxviruses and 298 cervidpoxviruses. Moreover, and as mentioned before, the new recombinant region only presents 299 one member of the C7L-like host range gene superfamily. In fact, leporipoxviruses constitute a 300 unique example in the evolution of this gene family, since they encode three related C7L-like gene 301 members in tandem, M062R and M063R and M064R [29] . It is suggested that the emergence of 302 these three C7L-like gene copies in MYXV arose after two events of gene duplication [29] . In our 303 results, we report that the new recombinant insertion region of MYXV-To only contains one 304 predicted host range protein (Figure 2) , which reinforces our hypothesis that this new gene 305 insertion region found at the left end of the MYXV-To genome is probably not a result of a 306 recombinant event between two leporipoxviruses, but rather between MYXV and a still-307 unidentified poxvirus of ungulates. 308 309 310 in the recombinant region of MYXV-To strain and its homologous proteins found in representative 313 sequences (NCBI RefSeq) of poxvirus. Branches with bootstrap support >95% are indicated with 314 black circles whereas branches exhibiting 90%-95% and 80-90% are indicated with grey and 315 white circles, respectively. A list of all sequences and their acronyms used for the pairwise amino 316 acid identity matrix and phylogenetic analysis is provided in Table S1 . 317 318 319 Figure 4 : Pairwise amino acid identity matrix (upper image) and maximum-likelihood phylogenetic 320 tree (model WAG+G+F) showing the relationships of the rPox-thymidine kinase (highlighted in 321 red) found in the recombinant region of MYXV-To strain and its homologous proteins found in 322 representative sequences (NCBI RefSeq) of poxvirus. Branches with bootstrap support >95% are 323 indicated with black circles whereas branches exhibiting 90%-95% and 80-90% are indicated with 324 grey and white circles, respectively. A list of all sequences and their acronyms used for the 325 pairwise amino acid identity matrix and phylogenetic analysis is provided in Table S1 . in the recombinant region of MYXV-To strain and its homologous proteins found in representative 330 sequences (NCBI RefSeq) of poxvirus. Branches with bootstrap support >95% are indicated with 331 black circles whereas branches exhibiting 90%-95% and 80-90% are indicated with grey and 332 white circles, respectively. A list of all sequences and their acronyms used for the pairwise amino 333 acid identity matrix and phylogenetic analysis is provided in Table S1 . representative sequences (NCBI RefSeq) of poxvirus. Branches with bootstrap support >95% are 340 indicated with black circles whereas branches exhibiting 90%-95% and 80-90% are indicated with 341 grey and white circles, respectively. A list of all sequences and their acronyms used for the 342 pairwise amino acid identity matrix and phylogenetic analysis is provided in Table S1 . 343 344
Concluding remarks 345
Other than the disruption of M009L, M036L and M152R, the MYXV-To strain has a full 346 
